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Abstract 


The  pathophysiology,  clinical  picture,  and  methods  of  evaluation 
and  treatment  of  congenital  aortic  stenosis  are  reviewed.  Before  re¬ 
placing  the  aortic  valve  in  children  with  aortic  stenosis,  it  is  impor¬ 
tant  to  obtain  an  estimate  of  aortic  annulus  size.  The  diameter  of  the 
annulus  should  be  followed  regularly,  until  its  growth  levels  off,  so 
that  the  largest  possible  prosthetic  valve  can  be  Inserted,  hopefully 
circumventing  the  need  for  surgical  enlargement  of  the  left  ventricular 
outflow  tract  at  a  later  date. 

An  experimental  study  was  performed  comparing  two-dimensional 
echocardiography  and  angiography  in  the  measurement  of  aortic  annulus 
size.  The  diameter  of  the  annulus  was  measured  from  echocardiographic 
stop  frame  photographs  and  real  time  videotapes  for  eleven  patients. 
These  measurements,  as  well  as  those  from  cineangiograms ,  were  compared 
to  the  size  of  the  prosthetic  aortic  valve  subsequently  inserted.  Two- 
dimensional  echocardiography,  though  perhaps  not  as  accurate  as  angio¬ 
graphy,  provides  a  good  estimate  of  aortic  annulus  size,  and  could  be 
used  as  a  noninvasive  means  of  following  the  growth  of  the  aortic 
annulus  in  children  with  congenital  aortic  stenosis. 
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Introduction 


The  size  of  the  aortic  valve  annulus  plays  an  important  role  in  the 
management  and  the  prognosis  of  patients  with  congenital  aortic  stenosis. 
Although  attempts  are  made  to  estimate  the  aortic  annulus  size  from 
cineangiographic  and  echocardiographic  data,  the  accuracy  of  such  methods 
has  yet  to  be  satisfactorily  tested. 

The  purpose  of  this  paper  is  to  review  congenital  aortic  stenosis, 
including  pathophysiology,  natural  history  and  current  methods  of  therppy, 
and  to  determine  the  relative  diagnostic  accuracy  of  cross-sectional 
echocardiography  and  cardiac  angiography  in  assessing  aortic  annulus  size. 

Pathophysiology  of  Aortic  Stenosis 

Aortic  stenosis  is  a  narrowing  at,  just  above,  or  immediately  below 
the  level  of  the  aortic  valve,  which  partially  obstructs  the  flow  of  blood 
to  the  systemic  circulation,  and  which  results  in  a  significant  pressure 
difference  between  the  left  ventricle  and  the  aorta.  Essentially  all  aortic 
stenosis  in  children  is  congenital.  Rheumatic  heart  disease  is  now  only 
rarely  encountered  in  children,  and  involves  primarily  the  mitral  valve; 
isolated  rheumatic  aortic  stenosis  in  children  is  virtually  nonexistent. 
Congenital  aortic  stenosis  is  fairly  common,  accounting  for  5.5%  of  all 
cases  of  congenital  heart  disease  followed  at  Children's  Hospital  in 
Boston. (1) 

In  order  to  maintain  cardiac  output  through  a  narrow  aortic  valve 
opening,  the  peak  systolic  pressure  in  the  left  ventricle  must  rise.  In 
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the  presence  of  high  pressure,  left  ventricular  vail  tension  per  gram 
of  myocardium  is  maintained  at  a  normal  level  through  hypertrophy  of  the 
left  ventricle.  The  resulting  increase  in  cardiac  muscle  mass,  coupled 
with  high  afterload  and,  on  occasion,  tachycardia,  leads  to  increased 
oxygen  consumption  by  the  left  ventricular  myocardium.  In  order  to  meet 
the  increased  demand  for  oxygen,  coronary  bldod  flow  must  increase;  this 
is,  initially,  accomplished  by  vasodilatation  of  the  coronary  arteries. 

As  a  child  grows,  however,  cardiac  output  must  increase  concomitantly;  in 
the  face  of  a  fixed,  or  a  progressively  more  stenotic  aortic  valve  opening, 
alterations  in  heart  rate  and  stroke  volume  result  in  an  increased  workload 
for  the  left  ventricle. 

Eventually,  with  severe  aortic  stenosis,  the  coronary  arteries  are 
fully  dilated,  and,  since  oxygen  extraction  is  already  maximal  in  the 
coronary  bed,  further  increments  in  the  demand  for  oxygen  by  the  hyper¬ 
trophied  left  ventricle  cannot  be  met  by  increased  coronary  blood  flow, 
nor  by  increased  myocardial  oxygen  extraction.  Blood  flow  to  the  left 
ventricular  myocardium,  which  takes  place  during  diastole,  may  in  fact 
actually  decrease  as  the  length  of  diastole  is  impinged  upon  by  the 
rising  heart  rate  that  may  accompany  exercise  ot  congestive  heart  failure. 

When  there  is  insufficient  oxygen  delivery  to  myocardial  tissues, 
ischemic  damage  may  ensue.  The  area  of  left  ventricular  myocardium  that 
is  most  vulnerable  to  generalized  ischemia  is  the  subendocardium  (the 
layer  of  myocardium  exposed  to  the  highest  wall  tension).  Evidence  of 
endocardial  fibroelastosis  and  subendocardial  infarction  has  been  found 
at  autopsy  in  many  children  with  aortic  stenosis;  these  findings  are 
particularly  frequent  among  infants  with  severe  aortic  stenosis,  sometimes 
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in  association  with  papillary  muscle  necrosis  and  mitral  valve  insufficiency. 

Acute  insufficiency  of  oxygen  delivery  to  the  left  Ventricular  myocar¬ 
dium  may  be  brought  on  by  exertion,  even  in  patients  with  only  moderate 
aortic  stenosis.  Exercise,  which  places  increased  demands  on  the  left 
ventricle  in  terms  of  stroke  volume  and  heart  rate,  can  precipitate  acute 
ischemic  events  in  the  myocardium.  These  events  are  thought  to  be  respon¬ 
sible  for  the  occasional  incidence  of  sudden  death,  probably  as  a  result 
of  ventricular  fibrillation,  in  patients  with  aortic  stenosis . (1-7) 

Types  of  Congenital  Aortic  Stenosis 

There  are  several  forms  of  congenital  aortic  stenosis.  Obstruction  to 
the  outflow  of  the  left  ventricle  can  occur  at  the  subvalvar,  valvar  or 
supravalvar  level. 

Seventy-five  percent  of  all  congenital  aortic  stenosis  is  valvar. 

The  normal  aortic  valve  is  tricuspid,  having  three  separate,  essentially 
triangular  valve  leaflets  (fig.l),  which  open  freely  during  systole,  and 
appose  each  other  in  diastole  to  prevent  regurgitation  of  blood  from  the 
aorta  into  the  left  ventricle.  Approximately  85%  of  congenital  valvar 
aortic  stenosis  in  childhood  is  caused  by  a  bicuspid  valve,  consisting 
of  one  large  and  one  small  leaflet,  an  eccentric,  "fishmouth"  orifice 
and  a  domed  shape  (fig. 2).  A  more  severe  form  of  congenital  valvar  aortic 
stenosis  results  from  a  valve  that  is  unicuspid,  with  an  eccentric,  teardrop 
shaped  orifice  (fig.3).(l) 

The  most  severe  form  of  valvar  aortic  stenosis  stems  from  hypoplasia 
of  the  aortic  annulus,  or  valve  ring.  As  will  be  discussed  further,  this 
variation,  though  rare,  presents  a  significant  problem  when  surgical 
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relief  of  the  obstruction  becomes  necessary. 

Congenitally  bicuspid  aortic  valves,  which  are  present  in  1-3%  of 
the  general  population,  need  not  obstruct  left  ventricular  outflow. 

They  can,  however  serve  as  a  site  for  bacterial  endocarditis,  or  can 
become  calcified  with  time.  It  is  felt  that  many  cases  of  "acquired" 
aortic  stenosis  in  adults  may  have  started  with  a  congenitally  bicuspid 
valve. (1,7-9) 

The  term  "congenital  subaortic  stenosis"  comprises  several  morpho¬ 
logic  entities.  Fixed  subaortic  obstruction  can  consist  of  a  membranous 
diaphragm  across  the  outflow  tract,  or  a  fibromuscular  ring  encircling 
it;  the  aortic  leaflet  of  a  congenitally  distorted  mitral  valve  can  also 
obstruct  part  of  the  outflow  tract  during  systole.  Muscular,  or  "func¬ 
tional"  subaortic  stenosis,  also  called  idiopathic  hypertrophic  subaortic 
stenosis  (IHSS)  or  hypertrophic  obstructive  cardiomyopathy  (HOCM) ,  is  a 
dynamic  obstruction.  This  lesion,  which  may  be  familial,  involves  asym¬ 
metric  hypertrophy  of  the  interventricular  septum,  and  sometimes  the 
left  ventricular  free  wall.  In  addition,  abnormal  systolic  anterior 
motion  of  the  anterior  leaflet  of  the  mitral  valve  often  results  in 
apposition  of  the  valve  leaflet  and  the  hypertrophied  septum,  drasti¬ 
cally  impinging  on  the  left  ventricular  cavity  and  outflow  tract  during 
systole.  The  degree  of  functional  obstruction  of  IHSS  worsens  with  de¬ 
creased  venous  return  and  with  inotropic  agents,  both  of  which  decrease 
the  size  of  the  left  ventricular  cavity;  on  the  other  hand,  the  severity 
of  obstruction  may  decrease  with  beta-blocking  agents. (1,7-9) 

Supravalvar  aortic  stenosis  accounts  for  5%  of  all  congenital  aortic 
stenosis. (1)  The  stenosis  can  be  localized,  usually  by  means  of  a 
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fibrous  ring  or  diaphragm  Just  above  the  aortic  valve,  or  it  can  involve 
diffuse  narrowing  of  the  aorta  distal  to  the  coronary  ostia.  It  may 
be  associated  with  the  syndrome  of  idiopathic  infantile  hypercalcemia, 
which  also  includes  mental  retardation,  elfin  facies,  and  narrowing  of 
other  systemic  and  pulmonary  arteries . (1, 7) 

This  study  is  primarily  concerned  with  valvar  aortic  stenosis,  which 
will  occasionally  be  referred  to  simply  as  aortic  stenosis. 

Clinical  Picture 

The  symptoms  that  may  be  associated  with  aortic  stenosis  include 
angina,  syncope  and  congestive  heart  failure.  Most  children  with  aortic 
stenosis,  however,  are  asymptomatic  unless  the  degree  of  stenosis  is 
severe;  congestive  heart  failure  is  rare,  except  in  infants  with  critical 
aortic  stenosis . (1 , 7 ,10) 

Physical  examination,  especially  in  more  severe  degrees  of  valvar 
aortic  stenosis,  usually  reveals  a  basal  systolic  ejection  murmur  radiating 
to  the  carotid  arteries,  a  precordial  thrill,  an  ejection  click,  and  decreased 

peripheral  pulses  with  a  slow  upstroke.  The  relative  grade  of  these 
physical  findings,  however,  may  not  necessarily  correlate  with  the 
degree  of  stenosis. (1,7) 

The  electrocardiogram  has  traditionally  been  the  most  reliable  n on- 
invasive  tool  for  following  the  course  of  patients  with  congenital 
aortic  stenosis.  The  earliest  changes  seen  relate  to  left  ventricular 
hypertrophy;  in  severe  stenosis,  ST-T  wave  changes  consistent  with 
left  ventricular  ’’strain"  (subendocardial  ischemia)  may  also  be  demon¬ 
strated.  However,  Nadas  (1)  reports  that  25%  of  patients  with  severe 
congenital  aortic  stenosis  will  have  normal  EKGs,  or  only  mild  left  ventri- 
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cular  hypertrophy  by  voltage.  An  exercise  EKG,  or  "stress  test"  may 
demonstrate  myocardial  ischemia  not  present  on  the  resting  EKG. 

Vectorcardiograms  have  been  used  by  some  to  assess  the  severity 
of  stenosis;  the  maximum  left  spatial  vector  is  said  to  correlate  well 
with  peak  left  ventricular  systolic  pressure. (1)  This  correlation  has 
been  questioned. (11) 

Signs  of  congestive  heart  failure,  when  it  occurs,  can  be  appre¬ 
ciated  on  the  chest  roentgenogram.  Chest  a-rays  are  also  helpful  for 
demonstrating  cardiomegaly  and  post-stenotic  dilatation  of  the  aorta; 
however,  these  findings  are  not  sensitive  indicators  of  the  severity 
of  aortic  stenosis. (1) 

The  only  currently  accepted  means  of  definitively  evaluating  the 
severity  of  aortic  stenosis  is  by  cardiac  catheterization  and  angio¬ 
graphy.  The  important  variables  assessed  by  this  procedure  are  the  pres¬ 
sure  difference  across  the  stenotic  valve,  the  functional  state  or 
contractility  of  the  left  ventricle,  the  degree  of  left  ventricular 
dilatation,  and  the  peak  systolic  and  and  diastolic  left  ventricular 
pressures.  In  1951,  Gorlin  (12)  derived  a  formula  for  estimating  the 
"effective  valve  orifice  area"  using  systemic  blood  flow,  mean  left 
ventricular  systolic  ejection  pressure,  and  mean  systemic  systolic 
ejection  pressure.  Critical  aortic  stenosis  is  generally  defined  as 
creating  a  peak  systolic  aortic  valve  pressure  difference  greater  than 
80mm  Hg,  a  mean  systolic  pressure  difference  greater  than  50  or  60mm 

2 

Hg,  and  a  calculated  effective  valve  orifice  area  of  less  than  0.5cm 

2  2  2 
per  m  of  body  surface  area  (normal  ■  2cm  /m  BSA).(l) 

Physicians  often  measure  the  diameter  of  the  aortic  annulus  from 
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angiographic  films;  the  accuracy  of  this  measurement,  however,  has  not 
been  satisfactorily  tested. 

Cardiac  catheterization  is  an  invaluable  tool  in  the  evaluation 
of  aortic  stenosis  and  other  forms  of  congenital  heart  disease.  It  is, 
however,  an  invasive  procedure,  and  carries  with  it  a  risk  of  acute 
morbidity  and  mortality,  and  the  potential  for  long  term  effects  dme 
to  the  high  radiation  dose  involved. (1,13-17) 

In  recent  years,  cardiologists  have  utilized  cardiac  ultrasound,  or 
echocardiography,  in  the  evaluation  of  cardiac  disease.  Echocardiography 
is  a  noninvasive  procedure.  A  hand-held  transducer  emits  sound  waves 
which  reflect  off  cardiac  structures  and  return  to  be  recorded  by  the 
transducer.  The  transducer  converts  these  returning  "echoes”  into 
electrical  signals,  which  are  then  processed  and  displayed  on  a  strip- 
chart  or  a  video  screen. (18) 

Ultrasound  is  currently  thought  to  have  very  little,  if  any  short 
term  morbidity  at  diagnostic  doses.  It  has,  however,  been  shown  to 
cause  chromosome  breakage  and  acute  tissue  damage  at  higher  doses;  most 
investigators  recommend  regular  monitoring  of  ultrasound  equipment 
dose  levels,  and  caution  that  the  long  term  effects  of  ultrasound  have 
not  been  fully  evaluated. (18-28) 

M-mode  (time  vs.  motion)  echocardiography  has  been  employed  in  the 
diagnosis  of  calcific  aortic  stenosis  in  adults  with  some  success.  In¬ 
vestigators  have,  however,  been  unsuccessful  In  accurately  assessing  the 
degree  of  stenosis  by  the  appearance  of  the  valve  on  M-mode;  this  method 
systematically  overestimates  the  severity  of  calcific  aortic  stenosis . (29) 

In  the  evaluation  of  congenital  valvar  aortic  stenosis  in  children, 
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the  M-mode  appearance  of  the  aortic  valve  is  even  less  helpful;  a  severely 
stenotic  valve  can  look  normal.  Indirect  methods  of  assessing  the  severity 
of  stenosis,  involving  measurements  of  septal  and  left  ventricular  wall 
thickness  and  cavity  dimensions  have  been  proposed,  and  may  prove  of 
some  use  in  the  future . (29-37) 

Recently,  there  has  been  a  growing  interest  in  the  use  of  cross- 
sectional,  or  two-dimensional  echocardiography  in  the  diagnosis  and  evalua¬ 
tion  of  aortic  stenosis.  A  two-dimensional  echocardiographic  image  of 
the  aortic  valve  in  the  long  axis  view  (a  plane  perpendicular  to  the  plane 
of  valve  attachment)  permits  excellent  visualization  of  the  valve  leaflets, 
which  normally  lie  parallel  to  the  aortic  wall  during  systole .  The 
characteristic  "doming"  of  the  congenitally  stenotic  valve  is  easily  demon¬ 
strated  in  the  long  axis  view,  as  is  thickening  of  the  valve  cusps. 
Calcified  valve  leaflets,  which  produce  dense,  bright,  poorly  mobile 
echoes,  are  also  readily  identified  in  the  long  axis.  The  short  axis 
view,  which  is  parallel  to  the  plane  of  the  valve,  results  in  a  cross- 
sectional  image  of  all  three  leaflets  and  the  annulus. (18,29 ,30,38,39) 

Although  the  qualitative  diagnosis  of  valvar  aortic  stenosis  is 
easily  made  with  two-dimensional  echocardiography,  a  satisfactory  means 
of  quantitating  the  severity  of  stenosis  has  yet  to  be  developed. 

Course 

Congenital  valvar  aortic  stenosis  is  generally  thought  to  be  a 
progressive  disease;  progression,  however,  need  not  be  the  result  of 
absolute  narrowing  of  the  aortic  valve  opening.  As  the  patient  grows, 
and  requires  increased  cardiac  output  across  a  fixed  aortic  valve  orifice. 


(9) 


that  orifice  becomes  relatively  more  stenotic.  In  addition,  as  described 
earlier,  aortic  stenosis  causes  progressive  left  ventricular  hypertrophy, 
which  can  eventually  lead  to  isehemic  damage  when  the  myocardium  'outgrows' 
its  blood  supply. (1,40) 

Children  identified  as  having  valvar  aortic  stenosis  before  the  age 
of  two  usually  have  fairly  severe  disease.  A  natural  history  study  by 
Wagner  et  al  (41)  found  that  forty  percent  of  these  children  will  be 
symptomatic;  most  will  have  cardiomegaly  on  chest  roantgenogram,  and 
36%  will  have  electrocardiographic  evidence  of  left  ventricular  "strain". 

On  the  other  hand,  children  over  two  years  of  age  are  rarely  symptomatic, 
and  almost  never  develop  congestive  heart  failure.  The  study  found 
that,  of  those  patients  with  moderate  stenosis  (mean  pressure  difference 
across  the  aortic  valve  s  30mm  Hg)  who  were  managed  medically,  one 
third  had  a  significant  rise  in  the  pressure  difference  when  recatheterized 
four  to  eight  years  later;  six  percent  had  decreased  pressure  differences. 
The  most  significant  progression  of  disease  was  in  younger  patients  with 
greater  degrees  of  stenosis  at  initial  catheterization.  When  taking  both 
catheterization  and  clinical  findings  into  consideration,  the  overall 
status  of  39%  of  the  patients  studied  deteriorated,  while  44%  stayed 
essentially  the  same,  and  14%  improved;  the  remaining  3Z  died  cardiac 
deaths  during  the  period  of  observation. 

Children  with  aortic  stenosis  might  be  managed  conservatively  were 
it  not  for  the  incidence  of  sudden  death,  currently  estimated  at  2-3% 
of  all  patients  with  congenital  aortic  stenosis.  Although  it  has  been 
reported  in  patients  with  only  moderate  stenosis,  the  probability  of 
sudden  death  is  almost  nil  in  children  who  are  asymptomatic  and  have  no 
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electrocardiographic  evidence  of  left  ventricular  "strain". (1) 

Surgical  Treatment 

The  initial  surgical  treatment  of  congenital  aortic  stenosis  is 
valvotomy.  This  procedure,  which  involves  incision  along  the  fused 
commissure(s) ,  produces  satisfactory  hemodynamic  and  clinical  results 
in  approximately  two  thirds  of  patients.  Wagner  (41)  found  that  28% 
of  patients  were  left  with  postoperative  pressure  differences  across 
the  aortic  valve  of  less  than  25%  of  the  original  value,  while  10% 
actually  had  increased  pressure  differences  after  valvotomy.  The  major 
drawback  of  valvotomy  is  the  incidence  of  aortic  insufficiency  end/or 
residual  stenosis,  which  may  occur  in  as  many  as  20%  of  patients 
postoperatively .  Aortic  valvotomy  is  a  palliative  procedure,  and  even¬ 
tual  replacement  of  tha  valve  is  frequently  necessary.  Unicuspid 
valves  usually  require  replacement  with  a  prosthetic  valve  when  sur¬ 
gical  intervention  is  indicated,  since,  in  these  patients,  valvotomy 
frequently  results  in  gross  aortic  insufficiency.  The  success  of  aortic 
valvotomy  in  the  relief  of  left  ventricular  outflow  obstruction  is, 
of  course,  limited  by  the  size  of  the  aortic  annulus,  because  simsltaneoos 
surgical  enlargement  of  the  outflow  tract  is  not  possible. (1,42-44) 

According  to  Nadas,  the  current  mortality  rate  for  aortic  valvotomy 
is  less  than  2%  at  Children's  Hospital  and  at  other  large  centers.  The 
indications  for  valvotomy  include  the  presence  of  symptoms,  left  ventri- 
dular  "strain",  a  mean  systolic  pressure  difference  >  60mm  Hg,  a  peak 
systolic  pressure  difference  >80mm  Hg,  or  a  calculated  valve  orifice 
of  less  than  0.5cm^/m^  body  surface  area. (1) 
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Eventually,  many  congenitally  stenotic  aortic  valves  require  re¬ 
placement  with  a  prosthetic  valve.  There  are  many  prosthetic  valves 
currently  available.  These  include  mechanical  valves,  made  of  various 
combinations  of  metal,  cloth  and  plastic,  and  bioprosthetic  valves,  which 
can  be  fashioned  from  the  patient's  own  or  other  biologic  tissues. (8) 

Mechanical  prosthetic  valves  are  durable,  and  usually  last  for  the 
remainder  of  the  patient's  lifetime.  The  major  disadvantage  of  mechanical 
valves  is  that  thrombi  tend  to  form  on  their  surfaces.  The  incidence 
of  cerebral  or  systemic  embolization  is  high;  although  prophylactic 
anticoagulation  with  warfarin  reduces  this  risk,  it  too  has  a  significant 
morbidity  and  mortality . (8,45-47) 

The  advantage  of  bioprosthetic  valves  is  that  they  are  generally 
not  thrombogenic,  and  therefore  postoperative  anticoagulation  is  not 
necessary.  They  are,  however,  subject  to  infection,  and  tend  to  degenerate 
and  calcify  with  time,  especially  in  children  and  adolescents.  As  a 
result,  they  may  become  stenotic  and/or  regurgitant,  and  require  replace¬ 
ment  after  a  few  years. (8,48-50) 

The  effective  orifice  of  a  prosthetic  valve  is  often  significantly 
smaller  than  its  external  diameter,  especially  when  the  mounting  ring 
is  particularly  bulky,  or  when  systolic  blood  flow  is  partially  obstructed 
by  a  caged  ball  or  disc.  Many  prosthetic  valves  create  a  significant 
systolic  pressure  difference  between  the  left  ventricle  and  the  aorta; 
this  pressure  difference  increases  with  decreasing  prosthesis  size. (8,51) 
The  surgeon  chooses  the  largest  prosthetic  valve  that  the  patient's 
aortic  annulus  can  accomodate,  in  order  to  maximize  the  postoperative 
aortic  orifice  and  minimize  resistance  to  blood  flow. 
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It  is  known  that  the  aortic  annulus  continues  to  grow  throughout 
childhood  (52),  but  the  age  at  which  this  growth  levels  off  is  uncertain. 
Before  replacing  the  valve  in  a  child  or  adolescent,  one  must  consider 
the  potential  for  further  growth  of  the  annulus  as  a  reason  for  delaying 
surgery.  Once  a  prosthetic  valve  is  inserted,  the  annulus  is  essentially 
'frozen'  in  diameter,  and  no  additional  growth  can  occur. 

In  patients  with  a  hypoplastic  aortic  valve  ring,  valvotomy  does 
little  to  relieve  the  outflow  obstruction.  In  the  early  1970's,  Konno  (53) 
developed  a  procedure  for  enlarging  the  small  or  hypoplastic  annulus  so 
that  a  prosthetic  valve  of  reasonable  size  could  be  inserted.  This  pro¬ 
cedure,  which  is  currently  performed  at  this  medical  center  and  at  several 
others,  involves  a  lengthwise  incision  through  the  aortic  wall  and  the 
ventricular  septum,  as  well  as  an  incision  through  the  right  ventricular 
outflow  tract.  As  might  be  expected,  the  operation  carries  a  high  risk 
of  morbidity  and  mortality;  in  one  study,  a  21%  operative  death  rate 
and  a  significant  number  of  residual  conduction  disturbances  were  found 
in  association  with  this  procedure. (54)  It  is  important  to  know  before¬ 
hand  whether  such  a  procedure  might  have  to  be  undertaken,  and  whether 
surgery  should  be  delayed  to  allow  for  possible  further  growth  of  the 
annulus . 

Sometimes  prosthetic  aortic  valves  require  replacement  with  a  larger 
prosthesis  later  on,  especially  when  the  initial  valve  replacement  took 
place  while  the  patient  was  still  growing.  Since  aortic  valve  replacement 
'freezes'  the  annulus  size  and  can  create  an  iatrogenically  hypoplastic 
annulus  in  pediatric  patients,  such  "redo"  operations  may  involve  a 
"Konno-type"  enlargement  of  the  annulus.  Obviously,  this  situation  sbonld 
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be  avoided  if  at  all  possible ,  since  the  rihk  of  the  procedure  is 
high,  and  the  risks  associated  with  cardiopulmonary  bypass  and  general 
anesthesia  are  not  insignificant.  Another  procedure  which  is  sometimes 
necessary  in  the  event  of  a  hypoplastic  or  small,  'frozen'  aortic 
annulus  is  the  placement  of  a  conduit,  or  valved  tube,  between  the  apex 
of  the  left  ventricle  and  the  descending  aorta.  As  might  be  expected, 
this  procedure,  which  requires  excision  of  ventricular  muscle,  also 
has  a  relatively  high  morbidity  and  mortality,  and  should  be  avoided 
if  possible. 

•  ■  1  • 

Experimental  Measurement  of  Aortic  Annulus  Size 
Experimental  Study 

The  preoperative  size  of  the  aortic  annulus  is  often  estimated 
from  the  cineangiogram.  The  purpose  of  this  study  was  to  evaluate  the 
relative  accuracy  of  cross-sectional,  or  two-dimensional  echocardiography 
as  a  noninvasive,  alternative  method  of  assessing  the  size  of  the 
aortic  annulus.  If  accurate,  this  method  would  provide  a  means  of 
following  patients  with  congenital  aortic  stenosis  on  a  yearly  basis; 
the  potential  for  further  growth  of  the  annulus  could  be  regularly 
assessed,  until  the  'optimal'  time  for  surgical  intervention  was  reached. 

Materials  and  Methods 

In  order  to  qualify  for  the  study,  subjects  had  to  have  undergone 
cross-sectional  echocardiographic  examination  and  subsequent  aortic 
valve  replacement.  Ten  adults  between  the  ages  of  46  and  76,  and  one 
child,  aged  13  years,  were  studied.  Each  patient  underwent  aortic  valve 
replacement  with  either  a  Bjork-Shiley  tilting  disc  valve  (five  patients). 
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an  Ionescu-Shiley  pericardial  bioprosthesis  (four  patients),  or  a 
Carpentier-Edwards  porcine  bioprosthesis  (two  patients).  Preopera¬ 
tive  cross-sectional  echocardiography  was  performed  using  a  Picker 
80  Cardiac  Imager  and  a  Panasonic  Oran ivis ion  II  videorecorder;  all 
echocardiograms  were  calibrated  in  1cm  gradations.  Although  all 
patients  had  also  been  evaluated  by  cardiac  catheterization  and 
angiography,  cineangiographic  films  were  available  for  only  five 
of  the  subjects. 

Videotapes  of  the  cross-sectional  echocardiograms  were  reviewed, 
and  eight  single  frames  chosen  for  each  patient:  four  each  from  the  long 
axis  and  short  axis  views,  two  during  systole  and  two  during  diastole. 
Systole  and  diastole  were  identified  by  the  configuration  of  the  mitral 
valve  or,  when  present,  from  the  simultaneous  electrocardiographic 
tracing.  "Long  axis"  frames  were  chosen  for  relative  sharpness  of 
imaging  of  the  entire  aortic  valve  root  at  the  attachment  of  the  valve 
leaflets,  with  simultaneous  recording  of  the  anterior  and  posterior 
leaflets  of  the  mitral  valve.  "Short  axis"  frames  were  chosen  for 
optimal  visualization  of  the  aortic  valve  annulus  at  the  level  of 
attachment  of  the  valve  cusps.  A  polaroid  photograph  was  taken  of 
each  single  frame  chosen,  using  a  camera  mounted  inside  the  videotape 
display  unit. 

The  polaroid  images  were  randomly  interpreted  using  an  A2D  Prodical 
1161  Programmable  digital  caliper.  The  aortic  annulus  diameter  was 
measured  as  the  distance  between  Opposite  points  on  the  aortic  root  at 
the  level  of  attachment  of  the  valve  cusps.  All  measurements  were  made 
with  an  approximate  orientation  along  the  axis  of  the  echocardiographic 
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beam;  each  polaroid  photograph  was  measured  by  two  independent  observers, 
and  the  results  recorded  and  analyzed  separately. 

A  third  observer  measured  the  aortic  annulus  directly  from  the  real 
time  echocardiogram.  This  measurement  was  made  by  visual  averaging 
of  the  annulus  diameter  over  several  cardiac  cycles  with  a  standard 
caliper.  It  was  then  converted  to  millimeters  using  the  calibration 
marks  on  the  same  segment  of  videotape. 

Angiocardiograms  were  filmed  from  the  right  anterior  oblique 
projection.  A  tracing  of  the  aortic  annulus  diameter  was  made  at  the 
level  of  attachment  of  the  valve  leaflets,  and  was  measured  using  the 
calibration  grid  accompanying  each  cine. 

All  measurements  from  echocardiograms  and  angiograms  were  made 
without  prior  knowledge  of  the  size  of  the  prosthesis  subsequently 
used  for  aortic  valve  replacement.  This  information  was  obtained  from 
the  operative  note  and  the  cardiothoracic  surgeon's  records. 

Statistical  Analysis 

The  data  were  tabulated  and  subjected  to  linear  regression  analysis 
(55-57)  with  the  aid  of  a  Clinfo  computer  system. 

Results 

The  results  of  all  measurements  taken  from  cross-sectional  echo¬ 
cardiogram  photographs  and  real  time  videotapes,  as  well  as  the  size  of 
the  prosthetic  valve  inserted,  are  displayed  in  Table  1.  The  systolic 
and  diastolic  measurements  from  each  view  were  compared  separately  to 
the  prosthesis  size;  in  addition,  the  mean  of  the  long  axis  and  of  the 
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short  axis,  as  well  as  the  mean  of  all  measurements  made  by  each  observer 
for  an  individual  patient,  were  compared  to  prosthesis  size.  The  measure¬ 
ments  taken  from  cine angiograms  were  compared  to  echocardiographic 
measurements  and  to  prosthesis  size. (Table  2) 

All  comparisons  were  subjected  to  simple  linear  regression  analysis; 
individual  correlation  coefficients,  p  values  and  regression  equations 
are  displayed  in  Table  3,  followed  by  the  regression  graphs  for  certain 
comparisons . 

Stop-Frame  Measurements 

Overall,  the  best  correlation  between  echocardiographic  measurements 
and  prosthesis  size  was  found  when  the  mean  of  all  of  one  observer's 
measurements  for  any  individual  patient  was  used.  Neither  the  long  nor  the 
short  axis  view  was  clearly  superior.  Measurements  made  during  diastole 
seemed  to  provide  a  slightly  better  correlation  in  either  view,  the  short 
axis  diastolic  values  resulting  in  the  best  correlation  with  prosthesis 
size  of  any  individual  measurement.  Stop-frame  measurements  were  neither 
consistently  higher  nor  lower  than  prosthesis  size.  In  patients  who 
eventually  received  21mm  prosthetic  valves  (four  patients),  the  annulus 
size  was  almost  always  overestimated.  On  the  other  hand,  for  patients 
who  had  23mm  or  25mm  valves  inserted  (six  patients) ,  the  annulus  size 
was  underestimated  slightly  more  often  than  it  was  overestimated,  in 
comparison  to  prosthesis  size.  There  was  nearly  always  a  wide  range  of 
measurements  for  each  individual  patient,  sometimes  resulting  in  more  than 
a  10mm  spread  between  the  lowest  and  highest  value.  (Graphs  1  &  2) 
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Figure  1.  Normal  3-cusped  aortic  valve. 


Figure  2.  Bicuspid  aortic  valve,  with  two  valve 
leaflets  of  unequal  size,  an  eccentric 
orifice,  e.  ,  and  a  rudimentary  fused 
commissure,  t>  . 


Figure  3.  Unicuspid  aortic  valve,  with  an  eccentric,  teardrop-shaped 
orifice,  A,  and  two  rudimentary  fused  commissures ,  £  and  C  . 


I 


Figure  4.  a.)Long  axis  transducer  orientation 

bisecting  the  aortic  annulus;  b.)  and 
c.) , eccentric  angulation  of  the  trans¬ 
ducer  resulting  in  falsely  small  mea¬ 
surements  of  annulus  diameter. 


The  2-D  short  axis  beam  orientation  may  change 
with  systolic  movement  of  the  heart  and  great 
vessels,  resulting  in  imaging  of  the  dilated 
ascending  aorta(a),  instead  of  the  aortic 
annulus (b) . 


ventricle 


Table  1.  Echocardiographic  Measurements 
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Table  2.  Angiographic  and  Mean  Echocardiographlc  Measurements 


pt 

Age 

AOPROSTH 

ANGSYS 

ANGDIA 

MANG 

(T)TIVH 

MALL (2) 

MALL (3) 

KO 

72 

21 

24.9 

24.4 

24.65 

20.64 

23.25 

23 

JG 

73 

23 

23.9 

24.05 

23.97 

20.91 

23.75 

29.5 

sw 

36 

21 

24.15 

23.0 

23.57 

24.9 

24.5 

20 

FD 

47 

23 

24.8 

24.15 

24.47 

23.25 

24.75 

22 

AH 

69 

27 

31.9 

34.1 

33.0 

25.32 

32.5 

29.5 

ANG=angiographic  measurement;  AOPROSTH«pros thesis  size;  DIA“diastole; 
M*mean;  MALL=mean  echocardlographic  measurement;  SYS=systole;  (1)“ 
principle  investigator;  (2)*pediatric  cardiologist;  (3) “pediatric 
radiologist. 


regression  equation 
(y  ■  a  +  bx) 
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Table  3  .  Regression  ^rrat lysis 

correl.  signif . 

variable  1  variable  2  coeff.  level  graph 


(y)  (*)  (r)  (p)  — JL 


LXSYS(l) 

AOPROSTH 

.274 

.415 

J  -  10.41  +  .56(x) 

LXSYS(2) 

AOPROSTH 

.428 

.189 

y  «  7.38  +  .69(x) 

LXDIA(l) 

AOPROSTH 

.409 

.212 

y  -  4.18  +  . 77 (x) 

LXDIA(2) 

AOPROSTH 

.588 

.057 

y  *  -4.63  +  1.26(x) 

MLX(l) 

AOPROSTH 

.357 

.281 

y  “  7.29  +  .66(x) 

MLX(2) 

AOPROSTH 

.590 

.056 

y  =  1.38  +  .97(x) 

MLX( 3) 

AOPROSTH 

.358 

.310 

y  -  14.69  4-  ,48(x) 

SXSYS(l) 

AOPROSTH 

-.561 

.116 

y  »  38.20  -  . 7Q(x) 

SXSYS (2) 

AOPROSTH 

-.074 

.851 

y  -  26.04  -  . 12 (x) 

SXDIA(l) 

AOPROSTH 

.523 

.148 

y  -  3.52  +  .93(x) 

SXDIA(2) 

AOPROSTH 

.695 

.038 

2 

y  -  1.33  +  1.01(x) 

MSX(l) 

AOPROSTH 

.097 

.805 

y  *  20.86  +  .ll(x) 

MSX(2) 

AOPROSTH 

.383 

.309 

y  -  13.69  +  . 44(x) 

MSX(3) 

AOPROSTH 

.554 

.077 

y  «  1.75  +  1.05(x) 

MALL(l) 

AOPROSTH 

.397 

.227 

y  -  9.02  +  .62(x) 

MALL(2) 

AOPROSTH 

.692 

.018 

1 

y  -  -.562  +  1 . 08(x) 

MALL(3) 

AOPROSTH 

.536 

.089 

3 

y  *  5.25  +  .88(x) 

MLX(l) 

MANG 

.631 

.254 

y  «  8.81  +  .49(x) 

MLX(2) 

MANG 

.974 

.005 

4 

y  *  -.61  +  1.0(x) 

MSX(l) 

MANG 

-.237 

.763 

y  -  45.23  -  . 87 (x) 

MSX(2) 

MANG 

-.081 

.919 

y  -  31.91  -  . 30 (x) 

MALL(l) 

MANG 

.397 

.227 

y  *  9.02  +  .62 (x) 

MALL (2) 

MANG 

.976 

.004 

5 

y  -  1.41  +  .94(x) 

ANGSYS 

AOPROSTH 

.895 

.040 

y  •  -2.34  +  1.23(x) 

ANGDIA 

AOPROSTH 

.924 

.025 

y  *  -13.93  +  1«  73(x) 

MANG 

AOPROSTH 

.913 

.031 

6 

y  »  -8.13  +  1.48(x) 

AN G=  angiographic  measureiaent;  AQPROSTH=pros thesis  size;  DIA=diastole ;  LXalong 
axis;  M=mean ;  MALL=mean  echo  measurement;  SX=short  axis;  SYS“systole ;  (1)“ 
principle  investigator;  (2)=»pediatric  cardiologist;  (3) "pediatric  radiologist 
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Graph  1,  MALL(2)  v»«  AQPRQSTH 
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Gratth  2.  SXDIA(2)  V3.  APPRO STH 
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Graph  3.  MALL (3)  v.  APPRO STH 
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Graph  4.  MLX(2)  va.  MAHC 
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Graph  5,  MALL(2)  vs.  HANG 
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Graph  6.  MAMG  vs.  AOPROSTH 
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Real  Time  Measurements 

The  real  time  method  of  measuring  the  annulus  resulted  in  a  moderately 
good  regression  correlation  with  prosthesis  size;  however,  on  the  average, 
it  tended  to  overestimate,  and  almost  never  underestimated,  the  largest 
valve  that  could  eventually  be  inserted  in  the  annulus.  (Graph  3) 

Interestingly,  the  echocardiographic  annulus  measurements  for  the 
one  pediatric  patient,  unlike  the  adult  values,  did  not  vary  widely;  all 
sixteen  stop-frame  measurements  estimated  the  annulus  to  be  one  to  four 
millimeters  smaller  than  the  23mm  prosthesis  that  was  eventually  used, 
and  all  real  time  estimates  were  very  accurate,  at  24mm. 

Angiocardiographic  Data 

The  best  correlation  of  the  angiographic  data  was  between  the  mean 
angiographic  measurement  and  the  mean  or  the  long  axis  measurement.  All 
angio  measurements  demonstrated  good  linear  correlation  with,  but  consis¬ 
tently  overestimated  by  several  millimeters,  the  prosthesis  size  eventually 
inserted.  (Graphs  4,5  &  6) 

Discussion 

Many  factors  must  be  taken  into  consideration  in  the  management  of 
a  child  with  congenital  valvar  aortic  stenosis.  The  decision  to  operate 
can  be  made  only  after  very  careful  assessment  of  the  morphologic  nature 
of  the  stenosis,  and  the  surgical  procedure  that  should  be  used  to  correct 
it.  Sometimes  surgery  is  unequivocally  indicated,  especially  for  sympto¬ 
matic  patients  or  those  with  evidence  of  insufficient  myocardial  oxygen 


(28) 


supply.  Obviously,  one  would  like  to  recommend  surgical  Intervention  for 
a  patient  with  congenital  aortic  stenosis  before  the  onset  of  symptoms  or  signs 
of  left  ventricular  "strain".  For  patients  with  less  severe  disease  who 
are  nonetheless  potential  surgical  candidates,  the  decision  to  operate 
should  be  delayed  as  long  as  such  a  delay  will  improve  the  outcome  of 
surgery  and  possibly  reduce  the  necessity  for  reoperation  at  a  later  date. 

The  actual  morbidity  and  mortality  of  aortic  valve  replacement 
in  children  has  not  been  well  studied,  probably  because  this  operation  is 
not  performed  in  children  nearly  as  frequently  as  it  is  in  adults.  Peri¬ 
operative  mortality  in  adults  is  reported  at  less  than  5%  if  surgery  is 
undertaken  prior  to  the  onset  of  "secondary  changes",  namely  massive  left 
ventricular  hypertrophy  and  decreased  myocardial  contractility;  "late" 
survival  may  approach  that  of  the  age-matched  general  population. (8) 

It  is  hard  to  say  whether  these  statistics  can  be  extrapolated  to  include 
children  undergoing  aortic  valve  replacement. 

If  enlargement  of  the  aortic  annulus  is  necessary,  the  operative 
morbidity  and  mortality  are  significantly  increased.  A  report  (54)  of 
the  results  of  a  "Konno-like"  procedure  performed  on  29  patients  under 
the  age  of  18  found  a  21%  immediate  operative  mortality  rate,  but  no 
subsequent  deaths  within  a  mean  follow-up  period  of  six  months.  The 
operative  deaths  were  due  to  laceration  of  a  septal  coronary  artery, 
myocardial  failure,  cerebral  damage,  hemorrhage  secondary  to  long 
cardiopulmonary  bypass  time,  and  renal  failure.  The  morbidity  was  also 
very  high,  consisting  mostly  of  conduction  disturbances,  including  right 
bundle  branch  block,  left  anterior  hemiblock,  and  complete  atrioventri¬ 
cular  block  requiring  pacemaker  insertion. 
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A  major  source  of  morbidity  and  mortality  after  aortic  valve 
replacement  is  the  prosthetic  valve  itself.  Thrombi  can  form  on  mechan¬ 
ical  valves;  the  risk  of  cerebral  or  systemic  embolization  has  been  repor¬ 
ted  at  10%  (one  quarter  of  the  events  being  fatal)  within  six  to  ten 
months  after  placement  of  a  Starr-Edwards  or  Braunwald-Cutter  caged-ball 
prosthesis . (46)  In  an  effort  to  circumvent  thrombus  formation,  warfarin 
is  routinely  given  for  at  least  six  to  eight  weeks  postoperatively ,  and 
often  for  the  duration  of  the  patient's  lifetime.  Increasing  the  pro¬ 
thrombin  time  to  1.5  to  2.5  times  normal  has  been  shown  to  reduce  the 
incidence  of ' thromboembolism  by  two-thirds . (8) 

Prophylactic  anticoagulation  can  be  hazardous,  however.  In  addi¬ 
tion  to  the  obvious  risk  of  hemorrhage  as  a  result  of  trauma,  which  makes 
anticoagulation  dangerous  in  children,  in  athletes,  and  in  adults  with 
certain  occupations,  there  is  a  risk  of  spontaneous  cerebral  hemorrhage 
in  any  patient  who  is  taking  anticoagulant  medication.  Tyers  (8)  estimated 
the  risk  of  anticoagulation  to  be  one  death  per  one  hundred  patient-years. 
Isom  (45,47)  followed  135  adults  for  an  average  of  15.8  months  after 
aortic  valve  replacement;  all  patients  underwent  anticoagulation  with 
warfarin  during  this  time.  There  were  ten  hemorrhagic  episodes,  three 
of  which  were  fatal,  and  no  thromboembolic  events.  Anticoagulation  was 
then  stopped  and,  after  an  average  of  11.5  months,  no  hemorrhages  and  only 
one  incidence  of  cerebral  thromboembolism,  whose  effects  were  transient, 
were  reported.  The  investigators  therefore  recommended  that  anticoagu¬ 
lation  be  stopped  6-8  weeks  after  surgery,  feeling  that  after  that  period 
of  time,  the  hazards  of  anticoagulation  outweighed  the  benefits. 

Other  problems  with  mechanical  prosthetic  valves  include  the  high 
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"profile"  (a  measure  of  the  space  occupied  by  a  prosthesis)  of  cage- 
type  valves,  a  small  'effective'  orifice  resulting  from  blood  flow  obstruc¬ 
tion  by  the  valve's  structural  components,  mechanical  hemolysis,  peri- 
valvar  leaks  or  infection,  and  occasional  technical  malfunction. (8) 

Bioprosthetic  aortic  valves  are  currently  fashioned  from  preserved 
porcine,  bovine  and  cadaver  valve  leaflets,  as  well  as  from  dura  mater, 
fascia  lata,  pericardium,  and  even  from  the  patient's  own  pulmonary 
valve  leaflets.  They  are  felt  to  be  non-thrombogenic,  and  therefore 
do  not  necessitate  anticoagulant  therapy.  Unfortunately,  however,  most 
of  these  valves  will  degenerate  and  calcify,  and  often  become  stenotic 
or  regurgitant  with  time.  Fibrin  deposits,  inflammatory  cell  infiltrates 
and  degeneration  of  the  f ibro-collagenous  network  of  the  valve  cusps 
have  been  demonstrated  as  early  as  two  months  postoperatively  in  two 
thirds  of  patients,  and  in  100%  of  patients  from  2  to  75  months  after 
surgery.  The  deterioration  of  bioprosthetic  valves  appears  to  take  place 
much  more  rapidly  in  children  and  young  adults  than  in  older  patients; 
metabolic  factors  which  might  predispose  to  degeneration  of  the  valve 
cusps  in  children,  however,  have  been  looked  for  without  success. (8,48-50) 
Both  mechanical  and  bioprosthetic  valves  can  create  systolic  pressure 
differences  between  the  left  ventricle  and  aorta;  this  is  especially 
true  with  smaller-sized  pros theses.  Caged-ball  valves  less  than  22mm  in 
diameter  have  been  found  to  create  a  significant  pressure  difference 
(>28mm  Hg)  in  adults,  as  have  the  smaller  tilting  disc  valves.  (51) 

Peak  systolic  differences  of  more  than  30mm  Hg  are  found  across  biopros¬ 
thetic  valves  having  an  outer  diameter  of  less  than  25mm. (8) 

Clearly,  aortic  valve  replacement  is  a  major  procedure  with  many 
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potential  sources  of  both  immediate  and  late  morbidity  and  mortality. 

One  would  like  to  avoid  subjecting  a  child  to  repeat  procedures,  especially 
those  involving  enlargement  of  the  aortic  annulus  in  order  to  insert  a 
prosthesis  of  a  larger  diameter.  Therefore,  an  accurate  estimate  of  the 
size  of  the  aortic  annulus  should  be  made  early  in  the  course  of  congenital 
aortic  stenosis,  and  its  growth  followed  regularly.  Surgical  intervention 
should  take  place  when  annular  growth  appears  to  level  off,  unless  the 
patient's  clinical  status  clearly  begins  to  deteriorate  before  that  time. 

Cardiac  catheterization  has  been  used  to  estimate  annulus  size  in 
the  past.  Our  results  show  this  method  to  be  fairly  reliable,  as  long 
as  one  takes  into  account  that  the  annulus  diameter  obtained  is  always 
a  few  millimeters  larger  than  the  prosthesis  size  that  can  be  inserted. 
Cardiac  catheterization,  however,  is  an  invasive  procedure,  and  is  therefore 
not  an  appropriate  means  of  following  children  with  aortic  stenosis  on 
a  regular  basis.  Potential  complications  of  cardiac  catheterization 
and  angiography  include  arrhythmias,  systemic  air  embolism,  hemorrhage, 
tamponade  secondary  to  cardiac  perforation,  hypotension,  transient 
conduction  disturbances,  fluid  shifts  or  allergic  reactions  to  contrast 
material,  infiltration  of  contrast  into  the  myocardium,  rupture  of  a 
great  vessel,  pulmonary  embolism,  febrile  reactions,  thrombosis  of  the 
femoral  artery  or  vein,  and  bacterial  endocarditis. (1 ,14) 

The  1968  Cooperative  Study  on  Cardiac  Catheterization  (14)  found 
a  13.4%  incidence  of  major  complications  in  children  under  one  month 
of  age,  6.6%  between  one  month  and  one  year,  and  an  overall  Incidence 
of  3.6%  for  patients  of  all  ages.  The  study  reported  an  overall  mor- 
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tality  of  0.45%;  6.2%  in  infants  under  one  month  of  age,  5.8%  from 
one  month  to  one  year,  and  0.15%  in  patients  over  two  years  of  age. 

A  more  recent  study  (15)  had  somewhat  different  results,  citing  up 
to  a  10%  mortality  in  neonates,  1-2%  between  one  month  and  one  year, 
and  0.1%  after  one  year  of  age.  The  high  mortality  rate  in  neonates 
is,  of  course,  tempered  by  the  fact  that  these  infants  usually  have 
severe  cardiac  malformations,  such  as  hypoplastic  left  heart  syndrome, 
which  themselves  carry  a  very  high  risk  of  neonatal  mortality.  Stanger 
(13)  found  only  a  0.26%  overall  mortality  rate  for  children,  and  only 
0.57%  for  neonates,  when  omitting  those  deaths  not  directly  attribu¬ 
table  to  the  catheterization  procedure. 

Cardiac  catheterization  and  angiography  probably  also  have  long 
term  morbidity  and  mortality.  The  radiation  dose  to  the  chest  of  one 
complete  procedure  is  approximately  equal  to  that  of  530  chest  x-rays. 
Multiple  catheterizations  could  conceivably  lead  to  accumulation  of  enough 
radiation  to  reproduce  the  side  effects  of  therapeutic  radiation  — 
namely,  constrictive  pericarditis,  cardiac  inflammation  and  myocardial 
fibrosis . (16)  Other  potential  long  term  complications  may  include 
leukemia,  secondary  to  bone  marrow  irradiation,  and  thyroid  cancer. 
Interestingly,  the  total  radiation  dosage  to  the  thyroid  gland  corre¬ 
lates  not  with  the  duration  of  fluoroscopy  or  the  total  number  of  cine 
frames,  but  with  the  size  of  the  patient,  increasing  dramatically  with 
decreasing  patient  age.  Children  who  undergo  multiple  cardiac  catheteri¬ 
zation  and  angiography  procedures  may  have  a  20-fold  increased  risk  over 
the  normal  population  of  eventually  developing  thyroid  cancer,  3-4% 
of  which  would  be  fatal. (17) 
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Obviously,  catheterization  and  angiography,  though  vital  in  the 
evaluation  of  cardiac  disease,  cannot  be  ased  to  follow  children  with 
aortic  stenosis  on  a  regular  basis.  Echocardiography  is,  on  the  other 
hand,  a  noninvasive  procedure  with  no  known  morbidity  and  few,  if  any, 
long  or  short  term  bioeffects.  Human  and  animal  studies  (19-23)  have 
found  no  effect  on  chromosomes,  cell  structure  or  fetal  development 
at  diagnostic  levels  of  ultrasonic  irradiation,  although  chromosome 
breakage  and  tissue  damage  have  been  demonstrated  at  significantly 
higher  doses.  Technical  malfunction  of  ultrasound  equipment,  as  well 
as  possible  adventitious  focusing  of  the  transducer  beam  within  certain 
body  cavities,  might  result  in  heavy  ultrasound  doses;  farther  investiga¬ 
tion  of  long  term  effects,  and  careful  monitoring  of  equipment  dosimetry 
are  therefore  warranted. 

Echocardiography  is  currently  used  to  assess  the  size  and  function 
of  many  cardiac  structures.  Although  M-mode  echocardiography  has  been 
employed  in  the  diagnosis  and  evaluation  of  children  with  congenital 
aortic  stenosis,  its  value  in  this  disease  is  limited.  In  one  study  (31), 
M-mode  tracings  both  from  children  with  catheterization-proven  valvar 
aortic  stenosis  and  with  normal  aortic  valves  were  randomly  evaluated 
by  experienced  cardiologists,  using  standard  criteria  for  congenital 
aortic  stenosis;  the  investigators  found  that  M-mode  echocardiography 
of  the  aortic  valve  leaflets  was  not  a  reliable  means  even  of  identi¬ 
fying  children  with  congenital  aortic  stenosis,  much  less  of  determining 
the  severity  of  disease. 

Attempts  have  also  been  made  to  use  M-mode  echocardiography  to 
indirectly  assess  the  severity  of  aortic  stenosis.  Bennett  and  others 
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(32-36),  relying  on  the  theory  that  significant  stenosis  results  in 
concentric  hypertrophy  of  the  left  ventricle  in  order  to  maintain 
normal  wall  stress,  derived  formulas  for  estimating  left  ventricular 
pressure  based  on  left  ventricular  and  septal  wall  thickness  and  left 
ventricular  cavity  dimensions.  These  formulas,  though  fairly  accurate, 
were  felt  to  be  useful  only  in  the  absence  of  ventricular  dilatation 
and  left  ventricular  dysfunction. 

Schwartz  (37)  used  a  similar  formula  to  classify  adults  as  having 
either  mild,  moderate  or  severe  aortic  stenosis  prior  to  catheterization. 
No  patient  with  a  significant  pressure  difference  across  the  aortic 
valve  (peak  systolic  difference  50mm  Hg)  was  thought  to  have  only  mild 
aortic  stenosis  by  echo,  and  14  out  of  16  patients  with  mild  aortic 
stenosis  (pressure  difference  40mm  Hg)  had  been  identified  as  such 
by  echo  alone.  Such  formulas  may  be  helpful  in  identifying  patients 
who  do  not  need  to  undergo  cardiac  catheterization,  although  their 
use  in  children  has  not  been  fully  evaluated  as  yet. 

Two-dimensional  echocardiography  has  been  used  with  some  success 
in  the  diagnosis  and  evaluation  of  congenital  aortic  stenosis.  Both 
calcified  and  congenitally  stenotic  valves  are  easily  identified  by 
this  method.  Measurements  like  MACS  (maximum  aortic  cusp  separation) 
and  SEP  (aortic  leaflet  separation,  or  maximal  intercusp  distance)  may 
allow  estimation  of  the  effective  aortic  valve  orifice,  but  it  is  de¬ 
bated  whether  these  measurements  are  sensitive  enough  to  accurately 
assess  the  severity  of  disease  in  children.  Some  feel,  in  fact,  that 
these  techniques  are  not  specific  enough  even  to  differentiate  mild 
from  severe  stenosis. (18,29,38,39) 
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Two-dimensional  echocardiography  has  been  shown  to  allow  fairly 
accurate  measurement  of  several  cardiac  structures,  including  the 
ventricular  wall  and  left  ventricular  cavity.  Like  nearly  every 
diagnostic  tool,  however,  it  has  its  limitations.  In  comparison  to 
M-mode  echocardiography,  two-dimensional  echocardiography  has  a  much 
slower  sampling  rate  (30  to  60  impulses/second,  versus  1000/second  for 
M-mode) ,  and  is  therefore  less  able  to  record  subtle  or  rapid  movements 
like  atrial  flutter.  When  the  real  time  videotape  is  stopped  to  focus 
on  a  single  frame,  only  one  half  of  the  scan  lines  are  present  in  any 
one  frame,  resulting  in  drop-out  of  some  of  the  smaller  echoes,  and, 
consequently,  less  fine  resolution.  Visual  "signal  averaging"  over 
five  to  seven  cardiac  cycles  on  real  time  echocardiograms  has  been 
used  to  assess  left  ventricular  function;  'averaged'  tracings  of  the 
end  systolic  and  end  diastolic  left  ventricular  silhouette  are  made 
on  a  transparency  and  then  measured.  In  making  our  real  time  measurements 
of  the  aortic  annulus,  we  used  a  similar  technique,  obtaining  an  'average' 
diameter  over  several  cycles. (18, 38,58,59) 

Two-dimensional  echocardiographic  resolution  is  also  reduced  by 
degradation  of  the  very  near  field  image,  which  allows  only  poor  visuali¬ 
zation  of  structures  nearer  the  transducer  and  the  chest  wall;  axial 
resolution  in  the  middle  field  is  optimal. (18,38) 

A  common  problem  encountered  in  the  use  of  two-dimensional  echo¬ 
cardiography  is  the  appearance  of  visual  artifacts.  "Side  lobes"  are 
ghost  images  of  cardiac  structures  that  may  appear  in  an  incorrect  loca¬ 
tion  on  the  display;  they  account  for  the  bright  trails  that  often  arc 
across  scans  demonstrating  calcium  accumulations.  Normal  structures 
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like  papillary  muscles  and  trabeculae,  and  even  blood,  if  the  gain  is  set 
toe  high,  can  simulate  a  cardiac  mass.  Parallax,  or  apparent  displace¬ 
ment  of  the  image  when  it  is  viewed  from  an  angle,  complicates  attempts 
to  make  direct  measurements  through  the  curved  video  screen.  Polaroid 
reproduction  of  the  image  using  an  internal  camera  eliminates  the  problem 
of  parallax,  but  also  results  in  a  loss  of  resolution  and  clarity . (18, 38,59) 

Our  study  indicates  that  two-dimensional  echocardiography,  though 
not  perfect,  is  of  some  value  in  the  assessment  of  aortic  annulus  diameter. 
Interestingly,  the  best  echocardiographic  data  (mean  and  long  axis 
measurements  by  observer  if 2)  and  the  angiographic  data  correlated  more 
closely  with  each  other  than  with  prosthesis  size;  in  all  of  the  patients 
for  whom  angiograms  were  available  (five  patients),  both  angio  and  two- 
dimensional  echo  overestimated  the  size  of  the  prosthesis  that  would 
eventually  be  fitted  into  the  annulus.  This  finding  casts  some  doubt 
on  the  assumption  that  the  size  of  the  prosthetic  valve  inserted  is  an 
accurate  reflection  of  the  preoperative  annulus  diameter. 

The  aortic  annulus  size  of  all  three  patients  who  underwent  mitral 
valve  replacement  as  well  as  aortic  valve  replacement  was  generally 
overestimated;  it  is  possible  that  simultaneous  placement  of  a  mitral 
valve  prosthesis  can  impinge  on  the  left  ventricular  outflow  tract 
enough  to  reduce  the  size  of  the  aortic  valve  prosthesis  that  can  be 
inserted  by  a  few  millimeters. 

Probably  the  major  reason  for  our  difficulty  in  obtaining  accurate 
measurements  of  the  aortic  annulus  was  the  heavy  accumulation  of  calcium 
present  on  the  aortic  valves  of  most  of  our  subjects.  Since  aortic 
valve  replacement  is  performed  so  rarely  in  children,  we  were  only  able 
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to  find  one  pediatric  patient  who  had  had  both  this  procedure  and  a 
preoperative  two-dimensional  echocardiogram  performed;  the  other  ten 
subjects  were  all  adults  with  calcified  aortic  valves.  Calcification 
of  the  valve  cusps  and  annulus  presents  two  problems.  First  of  all, 
calcium  accumulations  emit  such  dense,  bright  echoes  that  the  area 
of  the  aortic  valve  often  literally  "glows",  making  accurate  delinea¬ 
tion  of  the  annulus  very  difficult  in  many  cases;  indeed,  separate 
observers  frequently  obtained  vastly  different  annulus  diameters  from 
the  same  polaroid  photograph.  Secondly,  heavy  calcification,  especially 
if  it  involves  the  aortic  annulus  itself,  undoubtedly  affects  the  size 
valve  that  can  be  inserted,  depending  on  how  much  calcium  can  be  resected 
in  the  operating  room  prior  to  positioning  the  prosthesis. 

Finally,  a  variable  which  we  could  not  control  was  the  exact  angle 
of  the  two-dimensional  echocardiographic  examination.  Systolic  motion 
of  the  entire  heart  and  great  vessels  can  alter  the  spatial  relationship 
of  cardiac  structures  to  the  transducer,  effectively  changing  the  orien¬ 
tation  of  the  echo  beam  over  a  single  cardiac  cycle.  If  the  long  axis 
view  did  not  exactly  bisect  the  aortic  annulus,  a  falsely  small  diameter 
would  be  measured. (fig. 4)  In  the  short  axis  view,  the  aortic  annulus 
might  move  out  of  the  plane  of  examination,  and  the  dilated  proximal 
ascending  aorta  be  mistaken  for  the  annulus,  resulting  in  a  falsely 
large  diameter  measurement. (fig. 3) 

Perhaps  the  most  important  factor  to  be  considered  when  transla¬ 
ting  our  findings  into  clinical  application  is  that  all  eighty-eight 
Polaroid  photographs  were  measured  in  random  order,  and  not  by  indi¬ 
vidual  patient.  In  a  true  clinical  situation,  all  of  the  photos  from 
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one  patient  would  be  measured  at  the  same  time,  and  those  with  measured 
annulus  diameters  that  deviated  significantly  from  the  others  could 
be  discarded.  In  addition,  polaroid  echo  data  could  be  used  in  conjunc¬ 
tion  with  real  time  and  angiographic  data  in  order  to  obtain  a  more 
precise  assessment  of  annulus  size. 

Conclusion 

Two-dimensional  or  cross-sectional  echocardiography  may  prove  to  be 
useful  in  the  preoperative  assessment  of  aortic  annulus  size  in  children 
with  congenital  aortic  stenosis.  Although  perhaps  not  as  accurate  as 
those  obtained  with  angiocardiography,  echocardiographic  measurements 
can  realistically  be  obtained  on  a  yearly  basis  without  any  risk  to 
the  patient.  In  this  way,  the  size  and  growth  of  the  aortic  annulus 
can  be  followed,  helping  to  determine  the  optimal  time  for  aortic  valve 
replacement . 
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